INTRODUCTION
The Subandean belt marks the eastern limit of the central Andes from Peru to northern Argentina (Figure 1 ). The belt is one of the only modern, active examples of a thin-skinned fold and thrust belt in a retroarc, noncollisional setting. As such, it is ideal for comparison with ancient retroarc belts such as the Cordilleran fold-thrust belt of the western United States. Shallow crustal shortening in the Subandean belt is generally thought to be directly associated with the majority of crustal thickening that produced the Altiplano, the great plateau of the central Andes (Isacks, 1988; Gubbels et al., 1993) . Given this prominent role ascribed to the Subandean belt in most models of Andean orogenesis, it is particularly surprising that so little is known about the structural evolution of the belt.
Industry exploration has significantly improved our knowledge of the structural geometry of the Subandes during the past 20 yr (Mingramm et al., 1979; Baby et al., 1992; Belotti et al., 1995; Dunn et al., 1995; Starck and Schulz, 1996; Giraudo et al., 1999) . The province is home to several major gas discoveries during the last 10 yr. Organic matter maturity and hydrocarbon generation are closely related with the burial depth, which is mainly controlled by the thickness of Neogene foreland basin deposits (Starck, 1995 (Starck, , 1999 Cruz et al., 2001) . Because fault-related migration is thought to be contemporaneous with the deformation, a precise understanding of the timing of uplift of individual ranges in the Subandean zone relative to maturation history is crucial. The almost complete lack of detailed knowledge of the ages of motion of individual thrust plates hampers not only exploration in the region but also reduces models relating Subandean shortening to plateau uplift to mere speculation.
In this paper, we provide the first detailed chronology of motion for the southernmost Subandean belt in northern Argentina (22-23jS) . Here, the main decollement located in Silurian shale dips 2-3jW and is accompanied by an important secondary detachment in the Devonian that has produced a unique geometry of liftoff folds on the crests of deeper fault-bend folds. Using regional balanced cross sections controlled by industry seismic reflection profiles, field geology, and magnetic reversal stratigraphy, we use different dating methods of thrust motion that include growth strata, vertical separation diagrams, accumulation rate history, facies migration, and unconformities to identify episodes of growth of each of the major structures. The resulting chronology combined with the kinematic models provides a detailed record of shortening rates and history of loading during the last 9 m.y.
STRUCTURAL GEOLOGY
The Subandean zone is a thin-skinned thrust belt characterized by elongated anticlines that trend north-northeast -south-southwest (Figure 2 ), forming several continuous, parallel ranges (Mingramm et al., 1979; Aramayo Flores, 1989 Belotti et al., 1995; Kley and Monaldi, 1999) . The southern Subandean belt extends for about 600 km from the elbow of the Bolivian orocline at Santa Cruz de la Sierra, Bolivia, to northwestern Argentina. The main detachment level is in Silurian shale and has a 2-3jW dip. The properties of the Silurian shale, the configuration of long and thin ranges (Dunn et al., 1995) , and the absence of shallow earthquakes suggest that it is a continuous and efficient decollement level. Important
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The presence of units with contrasting mechanical behavior allows us to divide the deformed column into three structural intervals (Figure 3 ) that approximately coincide with the lithotectonic units of Baby et al. (1992) and with the levels of Aramayo Flores (1999) . In general, a lower competent level includes SilurianDevonian shallow-marine strata deposited in a forelandtype basin east of the Ocloyic orogenic front (Isaacson and Diaz Martinez, 1995; Sempere, 1995; Starck, 1995) ; other authors suggest that it is a marine sag basin or back-bulge basin, with thermal subsidence (Vistalli, 1999; Albariñ o et al., (2002) . It consists of several coarsening-upward packages, limited at the base and top by sharp contacts (Starck et al., 1992; Starck, 1995 ).
An intermediate incompetent structural level corresponds to a thick Upper Devonian shale that is well developed in the subsurface of the Argentine Subandean and Chaco plain where it is about 1000 m thick. The Devonian shale thins westward because of preCarboniferous erosion. This black laminated shale unit plays a fundamental role in oil generation. The lower part of this unit, approximately the first 200-250 m, may be attached to the lower structural level, whereas the upper 100 m may be included in the upper structural level (Aramayo Flores, 1999) . Finally, the upper structural level comprises the Tarija and Tertiary foreland basin deposits and acts in a passive way with respect to the deformation. The Late Carboniferous-Early Permian Tarija basin developed in deep paleovalleys eroded on the Devonian sequences, and its infill is made up by glacially derived continental deposits separated by unconformities (Starck et al., 1992; Starck, 1995) . After the Gondwana glaciation, eolian sandstones interbedded with limestones accumulated during the Late Permian-Early Triassic Sempere, 1995) , and eolian sandstones accumulated during the Jurassic. The Tertiary foreland basin deposits are described in detail in the following sections.
In a general way, all the major faults cut upsection from the basal detachment level, verging eastward and dipping westward (Figure 4 ). In the western Subandean ranges, where the intermediate structural level is reduced in thickness because of erosion, the deformation of the three structural levels is homogeneous. In the west, and everywhere in the lower structural level, the faults generate fault-bend anticlines with relatively broad crests, gentle backlimbs, and steeper forelimbs. Farther to the east, however, the Devonian shale that characterizes the intermediate structure level is more prevalent and thickens structurally by a factor of five or more in the cores of the anticlines, producing the decoupling between the lower and upper structural levels ( Figure 5A ). The apparently ductile behavior of this intermediate level is actually the result of numerous small faults and shear zones (Kley and Monaldi, 1999) . The decoupling is incipient at the Pintascayo range and becomes more important to the east, at the Baja Orán, San Antonio, and Aguaragü e ranges (Figures 4, 5) . Aramayo Flores (1989) has proposed that the minimum thickness of 500 m of the Devonian shale is required to produce the lift-off. In the eastern Subandean ranges, the upper structural level is characterized by folds with steeper flanks and narrow crests, with common boxfold geometries, and only bisected by minor faults. This level passively adjusts its shape to the deformation imposed on it by the intermediate level.
The easternmost anticlines, e.g., Duran ( Figure 5B ), Madrejones, and Ipaguazu ( Figure 5C ), and the plunge regions of some other anticlines (e.g., Aguaragü e, Mombru and Aramayo Flores, 1986) have wide crests and gentle limbs. These broad anticlines appear to represent the initial stages in the anticlinal evolution. Increasing
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Subandean Thrust and Fold Belt of Northwestern Argentina shortening results in steeper flanks, well-developed stacking, and narrower crests ( Figure 5A ). In other words, different evolutionary stages are preserved from east to west (Kley and Monaldi, 1999) , e.g., Duran-Aguaragü eSan Antonio, or from an anticline's plunge to its middle sector (e.g., Aguaragü e, from its south plunge to the north) (Figures 4, 5) . The disharmonic geometries produced by decoupling at the middle structural level are commonly interpreted as tectonic wedge geometries (Belotti et al., 1995) . The major thrust rises from the basal detachment and joins a back thrust located at the base of the intermediate structural level, which acts as a passive roof thrust and as a detachment level for the intermediate and uppermost structural levels ( Figure 5B) .
The cross sections presented here (Figures 4, 5) were modeled with Trishear software (Allmendinger, 1998; Zehnder and Allmendinger, 2000) that facilitates the construction of parallel and similar folds over ramps as well as Trishear fault-propagation folding. Because the belt is characterized by broad synclines in which the stratigraphic thickness above the basal decollement is normal (Figure 4) , each anticline can be modeled individually. Only in the case of the El Pescado range is some shortening transmitted forward to the Pintascayo range. Where decoupling across the middle structural level is important, the different fold kinematics at different levels required each to be modeled independently. All major faults propagate up from the basal decollement with low propagation to slip ratios ( <2) while cutting across the Silurian shales. Where they reach more competent units, the tip line breaks rapidly across those units up to the base of the intermediate structural level; the already formed fault-propagation anticline is translated passively and ''inserted'' into the Devonian shales of the middle level, producing a wedge geometry.
Shortening varies along the strike of the Subandean thrust belt (Kley, 1998) ; south of the Santa Cruz elbow, the maximum published shortening is about 100 km (50 -55%) near 21j latitude; if the Interandean zone is included (see Dunn et al., 1995; Giraudo et al., 1999) , the value is about 156 km (56%). The regional cross section presented here (Figure 4 ) has a minimum shortening of about 60 km, including 5 km of shortening caused by the back thrust at the Cinco Picachos range (Starck and Schulz, 1996) . From the minimum shortening of about 60 km, 65% is generated by faults in normal sequence of thrusting, and 35% is caused by out-of-sequence thrusting. This amount of shortening coincides with that found by other authors at approximately the same latitude: 60 km in the model of Mingramm et al. (1979) , 55 km in Starck and Schulz (1996) , and 50-55 km calculated by Schmitz and Kley (1997) and Kley and Monaldi (1999) .
TERTIARY STRATIGRAPHY IN THE SUBANDEAN RANGES
The structural data presented above are interesting for their similarity to previously published estimates, but those studies lacked all but the crudest knowledge of the timing of the structures. To advance beyond this point and to further understand the thermal maturation history of the Subandean basins, the ages and growth relations of strata in the Cenozoic foreland basin of the Subandean belt must be determined. The Cenozoic foreland basin of northwestern Argentina comprises more than 7 km of mostly Neogene continental deposits ( Figure 6 ) that have been described as Echavarria et al.
969 Figure 3 . General stratigraphic column of the studied area, showing the main detachment levels that represent the boundary between the three major structural intervals.
Grupo Orán (A. Russo, 1975, personal communication) . Prior to studies reported by Hernández et al. (1996 Hernández et al. ( , 1999 , on which the following analysis is based, there were virtually no data that constrained the onset of foreland basin deposition in this environment. Furthermore, stratigraphic units are commonly diachronous, from north to south as well as east to west, getting younger to the south and east. A particularly vexing example is Miocene marine strata that were formerly interpreted as a single event fixing the beginning of Subandean deformation (e.g., Gubbels et al., 1993) , but which now can be shown to be as old as 15 Ma and as young as 8 Ma in different parts of the belt (Reynolds et al., 2000; Hernández R., 2001, personal communication) .
Overview of the Cenozoic Stratigraphic Sequence
The oldest Tertiary unit, the Tranquitas Formation, is about 850 m thick in the western Subandean ranges (Hernández et al., 1996) and about 750 m at the Aguaragü e range (J. J. Zunino, 1944, personal communication) . Rocks beneath an erosional unconformity at the base of the Tranquitas are progressively older to the east and southeast. These nonmarine Tranquitas strata present distal facies at the base and become increasingly proximal upsection with lacustrine, ephemeral river and eolian facies (Hernández et al., 1996) (Figure 6 ). Overlying the Tranquitas Formation, three depositional progradational cycles have been described (Hernández et al., 1996 (Hernández et al., , 1999 in a thick column (> 6000 m) of continental deposits, known as ''Terciario Subandino'' (J. J. Zunino, 1944, personal communication) . In general, the facies of these terrestrial sediments correspond to four major depositional environments: alluvial fans, braided streams, distal ephemeral fan, and mud flat. The alluvial fan facies is characterized by polymictitic conglomerates, with clasts more than 15 cm in diameter, dispersed in a sandy quartz matrix. The beds are tabular, with erosive base, and internally crossbedded or planar laminated. The braided stream facies consists of fining-upward sets of coarse-grained sandstones or conglomerates arranged in thin to medium beds, with erosive base, cross laminations, displaying channel bars and sand-wedge structures. The conglomerate beds are scarce at the base of the Terciario Subandino, but increase in volume upward, and they are the predominant lithology in the upper 15% of the unit. Beds with variable thickness between a few centimeters and several meters characterize the distal ephemeral fan facies. These sequences have channel facies at the base represented by moderately sorted, coarse-grained sandstones, with poor cross-bedding. They become finegrained upward, where red, fine-grained sandstones are commonly parallel laminated and locally have poorly developed climbing ripples. These latter red sandstones represent channel lobe and flooding facies on the ephemeral fan. The mud-flat facies, interpreted as flooding events (Hernández et al., 1996) , are formed by red fine-grained sediments, commonly arranged in thin tabular beds, massive or parallel laminated, with climbing ripples.
The first progradational cycle deposits have wedge geometry, thinning to the east. Their thickness is about
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Subandean Thrust and Fold Belt of Northwestern Argentina . This cycle comprises mud-flat facies at the base, coarsening upward to multistoried channel facies to the top. A variable short-term depositional hiatus has been interpreted between the first and second progradational cycles at Río Iruya, Las Manzanas, and Peñ a Colorada (Figure 7) . The second progradational cycle begins with fine-grained mud-flat facies and coarsens and thickens upward to channel-fill facies characterized by coarse-to medium-grained sandstones. The upper section is characterized by coarser facies, with anastomosing conglomerates where numerous plant fossils are found. These facies, known informally as La Maroma, are braided fluvial systems related to a more humid climate with permanent rivers. Intercalated with the described sediments are several ash-fall tuff beds. They are finegrained, commonly biotite-rich, gray tuffs, which have been isotopically dated at different locations in the basin, ranging in age from 8.56 to 5.92 Ma. Their mineralogical differences are the basis to distinguish guide beds (Viramonte et al., 1994) . This depositional cycle ends with a conglomerate progradation of alluvial fan facies.
The third progradational cycle overlies the second progradational cycle, separated by a gentle erosional unconformity. The thickness and facies arrangement of this cycle vary considerably between different synclinal depocenters (intermontane valleys) as well as along the strike of the intermontane basins. In general, this cycle also displays a coarsening-and thickening-upward pattern, with fine-to medium-grained, poorly sorted deposits at the base that prograde upward to braided streams and alluvial fans. A remarkable flooding event characterized by shales and fine-grained sandstones is present in the middle of the third progradational cycle at Río Iruya (between the 5400-and 5800-m level at the Río Iruya section, Figure 7) , which is not recognized in other locations to the east, nor in other localities at the same structural position, as is the El Nogal column (27 km north of Río Iruya, Figure 2 ).
Finally, a growth unconformity is present in all the intermontane basins. It is the most prominent unconformity observed in northwestern Argentina's Neogene foreland basin and is recognized in the field by a sudden appearance of monotonous coarse-grained alluvial fan conglomerates that are known as El Simbolar, and by changes across the unconformity surface in bed strike and dip.
Echavarria et al.
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High-Resolution Chronology of the Tertiary Foreland Deposits
Five detailed stratigraphic columns with magneticpolarity stratigraphy (Figure 7 ), some previously published (Hernández et al., 1996 (Hernández et al., , 1999 Reynolds et al., 2001) , provide a high-resolution chronology. To constrain the possible age of the strata, intercalated volcanic ashes were dated isotopically ( Figure 7 ). The five sections are, from west to east (Figure 2 ), Río Iruya and Las Manzanas located at the back-and forelimbs of the Pintascayo range, respectively; Peñ a Colorada, situated at the backlimb of Baja Orán range; La Porcelana, in the west limb of the San Antonio range; and Quebrada de Leó n, located on the backlimb of the Aguaragü e range. The accuracy and precision of magnetic reversal stratigraphy are limited by the spacing between samples, rates of accumulation, accuracy of the global magnetic-polarity timescale (Cande and Kent, 1995) , and duration of the polarity zone. In this study, the separation between samples ranges between 15 and 40 m on the initial pass, with resampling in the sites of most problematic correlation. Although the Tranquitas Formation was sampled, high-quality data results were not obtained, possibly because of a high degree of thermal alteration.
Applied Methods of Dating Thrust Belts
In this paper, we used several different methods for dating thrust motion. The most direct and straightforward ones are crosscutting relations and growth strata. However, other data derived from foreland basin deposits provide very useful constraints on thrust motion, although they are more ambiguous and imprecise. These methods are, in order of increasing ambiguity (Jordan et al., 1988) , unconformities, provenance (Steidtmann and Schmitt, 1988) , accumulation rate history Raynolds and Johnson, 1985; Johnson et al., 1986) , and migration of facies (Flemings and Jordan, 1990; Jordan, 1995) .
Crosscutting Relations
Crosscutting relations are not abundant, at least in this part of the Subandean zone, mainly because of high preservation rates and important structural decoupling at the Devonian shales level. Most of the major faults cutting up from the detachment level are blind. Most of the emergent faults are clearly interpreted as outof-sequence faults, or at least with important out-ofsequence reactivations, they commonly cut even Pleistocene levels.
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Subandean Thrust and Fold Belt of Northwestern Argentina Figure 6 . Simplified stratigraphic column of the Cenozoic foreland basin deposits. Figure 7 . Correlation of the Río Iruya, Peñ a Colorada, Las Manzanas, La Porcelana, and Quebrada de Leó n magnetic-polarity stratigraphy with the magnetic polarity timescale of Cande and Kent (1995) . Positions in each column of isotopically dated volcanic ash are also shown. See Figure 2 for location of the five stratigraphic sections. Vertical scales posted on stratigraphic columns are in meters.
Growth strata Growth strata (Medwedeff, 1989 ) that accumulated during and in the vicinity of growing structures facilitate remarkably precise dating of individual thrust movement histories in the Argentine Subandes. Growth strata are commonly recognized on the basis of their cross-sectioned geometries (Anadó n et al., 1986; Medwedeff and Suppe, 1986; Suppe et al., 1992; Hardy et al., 1996) , but in the Subandean ranges, geometries at the scale of fold limbs are difficult to document. At the surface, geometries are obscured by vegetation, and in the subsurface, the seismic data are of sufficient quality only at San Antonio and Aguaragü e ranges. Farther west at Pintascayo and Baja Orán ranges, the seismic resolution decreases dramatically mainly because of the steep anticlinal limbs. Nevertheless, because the age of the strata is quite precisely known with magnetic-polarity stratigraphy calibrated with ash chronology, the onset of the synorogenic strata is defined by vertical separation diagrams from surface data. The vertical separation diagrams are a columnar representation of pregrowth and growth strata.
Unconformities
The unconformities in the Subandean Tertiary are commonly hard to recognize. They are represented at the base of the prograding depositional cycles by erosional surfaces and sudden facies migration. On the basis of the available chronology, these erosional surfaces represent brief periods of time. The most important unconformities are those directly related to the growth of the structures.
Provenance
Sediment provenance is not a great help for differentiating individual thrust motions in the Subandes, mainly because of the small lithologic contrast along the entire thrust and fold belt. However, considering the contrast in bedrock lithology between the Cordillera Oriental and Subandean ranges, some interpretations can be made by the first appearance of diagnostic lithologies and by changes in abundance of modal classes. Hernández et al. (1996) described the sediments provenance area for the different sequences at the western Subandean ranges (Río Iruya position).
Accumulation Rates
If the accumulation rates of strata can be related to the rate at which the basement subsided, then with highresolution chronology of foreland basin deposits, we can identify times of accelerating or decelerating tectonic subsidence. However, sediment accumulation is not only because of tectonic driving forces, it also reflects changes in the elevation of the depositional surface. Particularly in nonmarine strata, evidence for the elevation of the depositional surface is seldom preserved, so it is difficult to correct the accumulation data for elevation.
Facies Migration
There are many examples of the use of lateral facies changes and their migrations through time to date thrust movements (Wiltschko and Dorr, 1983; Bilodeau and Blair, 1986; Heller et al., 1986; Jordan et al., 1993) . Jordan et al. (1988) concluded that interpretations of the histories of specific thrusts based only on facies distribution and migration should be avoided. The results of this study clearly underline the conclusion that the facies migration generally does not coincide with the thrust chronology obtained from other sources. One can conclude that none of the described methods alone can solve the problem of determining the time of motion of individual thrusts in a thrust belt. In this paper, we combine several methods to establish the chronological evolution of the Subandean thrust belt much more precisely than before.
TIMING OF UPLIFT IN THE SUBANDEAN RANGES
Deformation in the Cordillera Oriental ended at about 10 Ma (Jordan and Alonso, 1987; Gubbels et al., 1993; Schmitz and Kley, 1997) and subsequently propagated into the Subandean ranges. There is some agreement that, until 6 Ma, there was little deformation in the Subandean belt (Moretti et al., 1996) , but little is known about the ages of movement on individual faults. Here we provide the most accurate data yet bearing on the evolution of the Subandean thrust belt of northwestern Argentina.
The sections at Río Iruya ( Figure 8A ), Las Manzanas ( Figure 8B ), and Peñ a Colorada ( Figure 8C ) display dramatic increases in sedimentation rate starting between 8.5 and 9 Ma. Although the exact cause cannot be determined, we suggest that the rate increase was an indirect consequence of the formation and subsequent displacement along a major thrust ramp cutting out of basement and along a detachment horizon located at the Silurian shales. The hanging-wall ramp is located approximately beneath the Cinco Picachos range (Figures 4, 12A) , and the matching footwall ramp may be located between 65 and 75 km farther west (Starck and Schulz, 1996; Allmendinger and Zapata, 2000) . Movement over the footwall ramp brought crystalline basement from midcrustal levels over the Silurian detachment horizon (Allmendinger and Zapata, 2000) , producing crustal flexure. That tectonically induced subsidence caused the increase in the sedimentation rate in the foreland basin extending eastward to the position of the Aguaragü e range. Some authors relate the acceleration of sedimentation rates at about 10 Ma (Marshall et al., 1993; Kley et al., 1997) , here constrained to 8.5 -9 Ma, to an explosive felsic magmatism event in the Altiplano and Western Cordillera Oriental at the same time (Sempere et al., 1990; Coira and Caffe, 1999) . Rapid subsidence also produced facies migration and the deposition of fine-grained mud-flat Echavarria et al.
975 sediments at the base of the second progradational cycle at Río Iruya, Las Manzanas, and Peñ a Colorada (Figure 7 ). It might also be related to the transgression of the Paranense Sea (Marshall et al., 1993; Ramos and Alonso, 1995; Rasanen et al., 1995) , which is not well documented in this part of the Argentine Subandean belt (it might be represented by fine-grained strata in the Tranquitas Formation at the Aguaragü e region), but is well exposed in southern Bolivia, where Marshall et al. (1993) suggest that it developed some time between 10 and 8 Ma.
We propose that the above described early phase of shortening was transmitted along the footwall flat in the future Silurian level decollement to the Subandean area, generating a back thrust at the Cinco Picachos range (Figure 2 ). This back thrust occurs just at the forelimb of the megafault-bend fold cored by crystalline basement (Figure 4 ). This event probably also produced the proto-Pescado range uplift, although the rate of uplift must have been less than the rate of sedimentation ( Figure 12A ), at least locally, as is demonstrated by the clast provenance from Cordillera Oriental at the El Simbolar syncline (Hernández et al., 1996) .
Farther east, growth strata geometries on seismic reflection data are extremely subtle, requiring a different approach. Therefore, at the Pintascayo and Baja Orán ranges, we constructed vertical separation diagrams (Bischke, 1994; Echavarria and Allmendinger, 2002) . These diagrams (Figure 9 ), based on surface data, relate accumulated sediment thicknesses in two different locations at a specific age. They represent the vertical distance between layers of the same age at two different localities leveled at present time. When deposition rates are equal in the two localities, the vertical separation remains constant, but when they differ, an inflection in the vertical separation curve occurs, indicating the onset of the growth strata domain. The vertical separation curves are based on the magnetic stratigraphy columns (Figure 7) .
In the Río Iruya-Las Manzanas diagram ( Figure  9A ), sedimentation rate was equal in both columns (constant vertical separation) until 7.6 Ma, but from this time onward, there is an important inflection in the vertical separation curve, indicating that the Pintascayo range began to grow (with respect to Las Manzanas section) at about 7.6 Ma. The inflection in the vertical separation diagrams for Peñ a Colorada-La Porcelana ( Figure 9D ) and Río Iruya-Peñ a Colorada ( Figure 9C ) at about 6.9 Ma may reflect the beginning of growth at the Baja Orán range. The vertical separation diagram for Las Manzanas and Peñ a Colorada columns ( Figure  9B ) also shows the inflection of the curve that corresponds to the Pintascayo range uplift, at about 7.6 Ma, and to the Baja Orán range uplift, at about 6.9 Ma.
Uplift of both Pintascayo and Baja Orán ranges forced the foreland basin to migrate to the east and produced a new subsidence event at the location of the La Porcelana section ( Figure 8D ) recorded as an abrupt increase in the sedimentation rate at about 6.9 Ma. Both the Pintascayo and Baja Orán ranges apparently continued growing simultaneously, resulting in less accommodation space in the syncline located between them. However, rapid subsidence and accommodation rates in the individual basins also developed to the west at the El Simbolar syncline ( Figure 8A ) and to the east in the simple foreland basin (La Porcelana location, Figure  8D ). There, the accumulation rates are approximately 1 mm/yr between 7 and 6 Ma. However, in the intermontane basin between Pintascayo and Baja Orán ranges Figure 8B , C) the accumulation rates are only about 0.3 mm/yr, thus explaining the great difference in thickness between the anticline's limbs. At about 5-4.5 Ma (Figure 12A ), the Pintascayo range might have had a considerable height, causing one or several rivers coming from the west to be dammed and the flooding of the El Simbolar intermontane basin. This event is observed in the Río Iruya section (Figure 7) .
Deformation continued migrating eastward with the beginning of the San Antonio range uplift. Growth strata interpreted in seismic lines on the forelimb of the San Antonio anticline display onlap patterns to the west and divergence to the east (Figure 10 ). It is remarkable that these reflectors are not affected by the Yaguani anticline's (Figure 2 ) growth, which may be folded in a later deformation episode. The growth strata indicate that the beginning of the San Antonio range uplift was between 4.5 and 4 Ma, an interpretation similar (although not exactly the same) to that proposed by Mosquera (1999) . Based on the growth strata observed on seismic lines, he proposed the onset of the San Antonio range uplift between 3.5 and 4 Ma. Our ages of 4.5-4 Ma correlate well with an important increase in the sedimentation rate (from 0.44 to 1.7 mm/yr) at about 4.4 Ma in the La Porcelana (San Antonio range backlimb) section ( Figure 8D ). This change also produces the inflection in the vertical separation curve in the La Porcelana -Quebrada de Leó n diagram ( Figure 9E ), at about 4.5 Ma, and can also be responsible for the abrupt decrease in the vertical separation at 4.4 Ma in the Peñ a Colorada-La Porcelana diagram ( Figure 9D ). The end of growth in the San Antonio range cannot be determined accurately, but it postdates 3.2 Ma, based on a smooth deflection in the La Porcelana section sedimentation rate curve at that time ( Figure 8D ).
Farther to the east at the Aguaragü e range, only poorly developed growth strata patterns are recognized in seismic sections, including some unclear reflectors that onlap the backlimb of the Aguaragü e anticline, and some reflectors that diverge to the west, which have been interpreted as progressive limb rotations. The ages assigned to these reflectors are about 1.5 Ma ( Figure  11 ). Mosquera (1999) also describes growth relations on both limbs of the Aguaragü e anticline with ages between 2.5 and 3 Ma. The sedimentation rate diagram constructed for the Quebrada de Leó n in the Río Seco syncline shows an abrupt increase in the sedimentation rate from 0.4 to 1.7 mm/yr at around 2.7 Ma ( Figure  8E ), followed by a facies migration to fine-grained facies of the base of the third progradational cycle. The onset of Aguaragü e range uplift can be restricted to 2.5-3 Ma, with ''in-sequence'' growth at least until 1.2 Ma.
All of the major anticlines had uplifted in sequence between 8.5-9 and 2.5 Ma (Figure 12A, B) . However, continued thrusting resulted in increased complexity as recorded by the El Simbolar deposits.
The unconformity beneath the El Simbolar deposits, the best exposed unconformity recognized in the Echavarria et al. 977 northwest Argentine Neogene foreland basin, is characterized by a sudden facies migration, with alluvial fan progradation. The contrast of strike and dip of layers below and above the unconformity surface is quite notable. However, the unconformity is not always clear in seismic reflection lines except, for example, at El Simbolar syncline, where reflectors onlapping to the east have been described. In addition, as already mentioned, there are progressive limb rotations at the unconformity at the Aguaragü e range. Mosquera (1999) recognized the unconformity in the San Antonio and Aguaragü e anticlines, assigning an age of 1.8 Ma. The unconformity is recorded at La Porcelana section by a short hiatus (Figure 7 ) and posterior alluvial fan deposition at about 2 Ma. Finally, at Quebrada de Leó n, the El Simbolar deposits accumulation correlates with the strong increase in the sedimentation rate at 1.2 Ma (Figure 8E) . The evidence that several ranges in the Subandean zone were uplifting with rates greater than the sedimentation rates during El Simbolar time leads to the interpretation that El Simbolar accumulated in isolated, range-bounded intermontane basins ( Figure 12B ). Correlation of the magnetic-polarity stratigraphy with the global magnetic-polarity timescale allows us to date the onset of the El Simbolar deposition at about 2-2.2 Ma at Río Iruya, 2 -1.8 Ma at La Porcelana, and 1.2 Ma at Quebrada de Leó n. The appearance of kilometer-scale series of alluvial fan facies conglomerates in a stratigraphic section is thought to indicate contemporary movement of nearby thrust sheets (Jordan et al., 1993) . It seems likely that these alluvial fan facies were deposited in accommodation space generated by a new deformation event, which reactivated preexisting faults and formed new out-of-sequence ones. This event could have begun earlier than the deposition of the El Simbolar with the reactivation of the El Pescado fault at about 4.5 Ma, as is suggested by a change in sediment provenance from the Cordillera Oriental to the El Pescado range in the third progradational cycle at the Río Iruya location (Hernández et al., 1996) . The appearance of El Simbolar facies at this position at 2 -2.2 Ma may reflect acceleration in the erosional rates, probably because of climate changes. The out-of-sequence
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Subandean Thrust and Fold Belt of Northwestern Argentina movements migrated eastward, reaching the Aguaragü e range at approximately 1.2 Ma. These faults, which are out of sequence with respect to the deformation front, are simultaneous with respect to each other. Proof of activity continuing until the present can be found in the fact that the El Pescado fault cuts El Simbolar deposits dated at less than 1 Ma, and in the Quaternary strata tilted 8j with respect to the present fluvial terraces (Hernández et al., 1996) .
UNCERTAINTIES IN THE CHRONOLOGY OF THE DEFORMATION
The sequence of deformation presented here, as in most similar studies, is based mainly on the age of the foreland basin sedimentary deposits related to the thrust and fold belt. There are no direct age determinations for the deformation itself, a fact that can produce uncertainties in the results. One of the errors is related to the accuracy of the magnetic-polarity stratigraphy and related isotopic dates of intercalated ashes. In this case, the magnitude of the error generally depends on the spacing between samples, rates of accumulation, and accuracy of and correlation with the global polarity timescale. Magnetic-polarity stratigraphy is, nevertheless, one of the most accurate methods for dating terrestrial sequences, where the estimated uncertainty on the age assigned to any magnetic-polarity zone is commonly less than 100,000 yr. Such errors are very small for the purposes of this study. The greatest uncertainties are those derived from the degree of correctness of the geologic interpretations. For example, it is unclear whether certain major facies changes reflect deformation stages or are a response to other causes, e.g., river evolution or migration, which are semi-independent of the deformation. In addition, increased accumulation rates can be due to thrust loading or other causes like climate change or river migration, and even if deformation is the cause, we still do not know exactly which thrust produced the tectonic load that finally generates the subsidence.
For some thrusts like the Cinco Picachos range back thrust, there is little information about the timing of motion. In this case, the movement could be related to the first stage of Subandean deformation, or the fault might have been active for most of the Subandean deformational history.
The onset of the El Pescado thrust reactivation is another key point for which the uncertainty is quite high. If we consider this thrust to be completely related to the El Simbolar deposits, its motion might have started at 2.2 Ma. However, provenance studies (Hernán-dez et al., 1996) indicate that in the third cycle at the Río Iruya, sediment provenance changes from the Cinco Picachos to El Pescado range. If these data indicate the emergence of the El Pescado range because of the onset of thrust reactivation, then the uplift of the range might be at about 4.5 Ma.
Another uncertainty is the lack of preservation of the sedimentary deposits. This is the case for the Las Manzanas and Peñ a Colorada sections (Figure 7) , where the youngest preserved strata are 4.7 and 4.2 Ma, respectively. These columns cannot assist the identification of younger deformational events.
The general result is that the initial times of motion are better constrained than both the ages of the end of motion and the clues to establish continuous motion. In view of these unknowns, Figure 13A shows both the minimum and maximum time span over which each thrust was in motion. On the basis of these data, the deformation rate for the whole Subandean thrust and fold belt was calculated.
LATE CENOZOIC DEFORMATION RATES IN THE SOUTHERN SUBANDEAN BELT
By combining shortening estimates from our balanced cross sections for the southern Subandean belt with the age constraints just described, we can, for the first time, provide shortening rates with meaningful uncertainties ( Figure 13B ). Two rather different end-member interpretations result from this exercise. If we assume the maximum permissible duration of motion for each fault, then the shortening rate increased gradually and approximately linearly from its inception about 9 Ma until it reached its maximum rate of 11 mm/yr at about 3 Ma, with a modern rate of 8 mm/yr. If we assume the minimum duration of thrusting permitted by the data, then the curve indicates that the Subandean belt formed in two relatively discrete pulses of deformation around 9 -7 Ma and from 2 Ma to the present. In this latter interpretation, shortening rates during the pulses may have reached 13 mm/yr or more, whereas in between pulses (7-2 Ma), shortening proceeded at a background rate of 0 -5 mm/yr. Coudert et al. (1995) carried out tectonic subsidence and crustal flexure studies in the eastern margin of the Subandean in southern Bolivia. Using poor age constraints, they suggest three stages of subsidence: relatively high rates between 10-9 and 7.5 Ma, and between 1 Ma and present, and an intermediate period of lower subsidence rate between 7.5 and 1 Ma. These rates correlate reasonably well with the thrust shortening rate history that we derive from our minimum duration model. Unfortunately, we cannot make a detailed comparison between our rate histories and the Nazca-South America plate convergence history because of the poor resolution of magnetic stripes on the Nazca sea floor.
In both scenarios presented here, horizontal shortening rates in the Subandean belt during the last 2 m.y. have ranged between 8 and 11 mm/yr. Global positioning system stations at the back end of the Subandean belt at Tarija and Sucre display velocities of 8 -12 mm/yr to the east with respect to a fixed South American reference frame (Bevis et al., 2001 ). This figure is in remarkably good agreement with the geologically determined rates over the last 2 m.y.
IMPLICATIONS TO PETROLEUM GEOLOGY
The Devonian source rocks, buried by thick Neogene foreland basin deposits and further loaded by the thrusting itself, entered the oil window contemporaneously with the deformation (Dunn et al., 1995) . Some hydrocarbon generation in the Devonian source rocks could have started earlier, during the Mesozoic or even late Paleozoic (Moretti et al., 1996; Di Salvo and Villar, 1999; Starck, 1999) , although the generation climax, expulsion, and migration are related to the Neogene tectonics. Cobbold (1999) proposed that the hydrocarbon generation might have produced an increase in the pore-fluid pressure, triggering the intermediate detachment in the source rocks because of a drop in the frictional resistance. The thrust front may follow the hydrocarbon maturation front, with ages of oil generation and migration getting younger to the east. Assuming a generation-expulsion depth of about 4 km (Reynolds et al., 2001) , the base of the Devonian source rocks probably attained those depths at about 7 Ma at the western portion of the Subandean thrust belt, migrating to the eastern San Antonio, Aguaragü e, DuranMadrejones, and Ipaguazu ranges at ages younger than 4 Ma. The relatively high rates of ongoing sedimentation and deformation indicated by both proposed models, together with the presence of high-pressure horizons in the source rocks at the intermediate structural level (Aramayo Flores, 1999) , are in accordance with still-active hydrocarbon generation and migration. The proposed ages of hydrocarbon generation and migration are contemporaneous with those of deformation and anticlinal uplift, thus enhancing the possibilities of hydrocarbon entrapment in the Subandean ranges.
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CONCLUSIONS
The Subandean ranges of northwestern Argentina comprise part of the foreland thrust and fold belt of the Andean orogen. Their principal characteristics include a thin-skinned deformation style and eastward vergence. Two major detachment levels are recognized: the basal one in the Silurian shales and a higher one in the Devonian shales. However, in the western part of this geologic province, where the intermediate structural level is reduced because of erosion, only the basal detachment level is present. As a result, a uniform mechanical behavior of the entire stratigraphic column can be observed in the Cinco Picachos and El Pescado ranges. Farther east, the Devonian shales thicken and become an important zone of decoupling. Evolutionary stages of development of the belt are preserved in both east-west sections and locally along strike from south to north (e.g., at the Aguaragü e range). Such sections show that with increasing shortening, the degree of lift-off at the intermediate structural level also increased. The final geometries in the lower structural level are fault-bend folds with wide crests, steep front limbs and gentle backlimbs, whereas in the upper structural level above the zone of decoupling, both limbs are steep with box-fold geometries.
Our study provides the most detailed resolution yet on the ages of deformation anywhere in the Subandean belt. Two episodes are recognized. During the older episode, in-sequence deformation started in the west between 9 and 8.5 Ma and gradually propagated eastward, ending at about 1.2 Ma with the Aguaragü e range uplift. The younger deformation stage corresponds to an out-of-sequence movement, ranging from about 4.5 Ma to the present (Figure 12) , with its age of initiation becoming younger to the east. The outof-sequence movement started with the El Pescado fault reactivation, probably at about 4.5 Ma, and then migrated eastward with time.
The accurate age constraints on the thrusting also allow us to identify periods with simultaneous movements of different sheets. Best documented is the case of the Pintascayo and Baja Orán thrusts, where vertical separation diagrams suggest simultaneous motion between 6.9 and at least 4.7 Ma. Additionally, there has probably been young simultaneous and out-of-sequence motion on most of the thrust plates since 2 Ma. Finally, we have been able to identify end-member shortening rate models based on assumptions of minimum and maximum duration of thrusting. The former case results in a model of two discrete periods of rapid shortening in the late Miocene and in the Quaternary, separated by a time of modest shortening during the Pliocene. The maximum-duration model suggests progressively increasing rates of shortening since 8 Ma. Both models suggest that Quaternary horizontal shortening rates are between 8 and 11 mm/yr, a figure that coincides well with global positioning system results from the area.
Our study has demonstrated how good age constraints are vitally important for understanding the evolution of a thrust belt, as well as for evaluating its hydrocarbon potential. Cenozoic strata have traditionally been ignored during exploration in the Subandean belt because the primary objectives are commonly the Devonian section. However, it is the Cenozoic that contains the record of thrust movement and anticlinal closure, as well as controlling the thermal history of the source and reservoir by burial depth.
